Introduction
============

Asian cultivated rice (*Oryza sativa* L.) is a major food crop around the world. But its breeding was faced with problems of the narrow genetic diversity and the bottleneck of further yield increase ([@b33-68_18006]). African cultivated rice (*O. glaberrima* Steud.) is deemed to be a potential source of useful genes for Asian cultivated rice improvement as both Asian and African cultivated species have the same AA genome and similar sequence arrangement ([@b1-68_18006], [@b26-68_18006]). However, there are harsh reproductive barriers in the interspecific hybrids between *O. glaberrima* and *O. sativa* ([@b29-68_18006]). The F~1~ hybrids barely have a fertile pollen grain and as a result the valuable genes contained in *O. glaberrima* naturally disappear along with hybrid sterility. Thus, hybrid sterility is one of the main hindrances against the utilization of useful genes from the African cultivated rice to Asian cultivated rice.

The phenomenon of F~1~ hybrid sterility is widely observed in intersubspecific and interspecific hybrids. More than 50 loci controlling the hybrid sterility were identified and a few of them were cloned in rice ([@b2-68_18006], [@b16-68_18006], [@b21-68_18006], [@b25-68_18006], [@b27-68_18006], [@b41-68_18006], [@b42-68_18006], [@b39-68_18006]). So far, at least ten hybrid sterility loci as gamete eliminator or pollen killer between *O. sativa* and *O. glaberrima* were identified. The cumulative effects of these sterility loci lead to complete male sterility in F~1~ hybrids. The one-locus allelic interaction model proposed by [@b15-68_18006] can explain the genetic behavior of most hybrid sterility loci in *indica-japonica* and *O. glaberrima-O. sativa* hybrids. According to this model and molecular evidence, [@b13-68_18006] proposed that the *S5* locus, which is a major locus for hybrid sterility between *indica* and *japonica* subspecies, has at least three alleles, *S5*-n, *S5*-i and *S5*-j. In the heterozygotes of *S5*-i*S5*-j, female gametes with *S5*-j are aborted due to the allelic interaction while the *S5*-i gametes cannot be aborted, however such an abortion does not occur when *S5*-n is present. The *S5*-n allele is regarded as "neutral" sterility allele (wide compatibility gene). According to the neutral allele theory, the neutral allele *S5*-n was incorporated into *indica* or *japonica* varieties to overcome the sterility in intersubspecific hybrids ([@b14-68_18006]). A number of widely compatible varieties in *O. sativa* were identified and confirmed to avoid the hybrid sterility at the corresponding locus ([@b22-68_18006], [@b36-68_18006]).

Similarly, *O. glaberrima* and *O. sativa* varieties possess the genotype *S*-glab*S*-glab and *S*-sati*S*-sati, respectively, at a *S* locus. Homozygotes of *S*-sati*S*-sati and *S*-glab*S*-glab show normal fertility, while the gametes of *S*-sati are aborted when the maternal plants have the genotype of *S*-sati*S*-glab in *O. sativa* background. However, there is no any report in regard to the neutral alleles in interspecific cross involving *O. sativa* and *O. glaberrima*. [@b10-68_18006] crossed the wide compatibility varieties from *O. sativa* with *O. glaberrima* accessions in order to address the question whether the genes responsible for F~1~ sterility in intersubspecific hybrids cause sterility in interspecific hybrids or not. The result showed that the "neutral" allele *S5*-n improving fertility in intersubspecific hybrids had no fertility restoring effect in F~1~ interspecific hybrids.

It is thought that the reproductive isolation is the by-product of the accumulation for genetic differentiation between diverging populations ([@b4-68_18006]). Genetic differentiation provides the opportunities to increase the gene diversity during evolution. The accumulation of genetic differentiation can introduce the new function, divide the original function, or loss the original function ([@b23-68_18006]). For example, the loss-of-function allele of *S27*-niv*^s^* which is composed of two inactive tandem *mitochondrial ribosomal protein* L27 genes (*mtRPL27a* and *mtRPL27b*), leads to F~1~ pollen sterility in the cross between *O. sativa* and *O. nivara* ([@b38-68_18006]). Moreover the null *S27*-glum*^s^*, in which *mtRPL27a* and *mtRPL27b* are absent, also causes the F~1~ pollen sterility in the cross between *O. sativa* and *O. glumaepatula* ([@b41-68_18006]). The evolution study of the nucleotide variation of the interspecific hybrid sterility *S1* gene showed that only a small genic changes occurred in the ancestral *Oryza* species and the diverged alleles have co-existed in the primitive gene pool of the genus *Oryza* ([@b9-68_18006], [@b39-68_18006]). It can be inferred that the action between different alleles produced by genetic differentiation can cause or eliminate reproductive isolation, which can be supported by the fact that the sterility of both pollen and spikelet as well as distorted segregation were restored when the *OgTPR1* of *O. glaberrima* at *S1* was knocked out via CRISPR/Cas9 system ([@b39-68_18006]).

The rice species with AA genome, which are classified into two cultivated species (*O*. *sativa* and *O. glaberrima*), and six wild species (*O. nivara*, *O. rufipogon*, *O. barthii*, *O. glumaepatula*, *O. longistaminata* and *O. meridionalis*), are the most accessible genetic diversity resources, enabling us to look for neutral alleles among the different alleles at the known sterility loci. With the identification of some neutral alleles for certain hybrid sterility loci in intersubspecific hybrids, the phenomenon of the wide compatibility was also found in an Asian wild rice (*O. rufipogon*) strain ([@b11-68_18006]). The neutral alleles at pollen sterility loci of cultivated rice from the ancestral *O. rufipogon* were also identified ([@b18-68_18006], [@b20-68_18006], [@b30-68_18006]).

Therefore, in this study, in order to detect whether the neutral allele which can restore the hybrid fertility in interspecific hybrid exists or not, an *O. sativa* subsp. *japonica* cultivar Dianjingyou 1 (DJY1) and its near isogenic lines (NILs) harboring the single sterility allele *S1*-glab, *S19*-glab, *S20*-glab, *S37*-glab, *S38*-glab and *S39*-glab were crossed with *O. sativa* and its relatives with AA genome, respectively. Pollen fertility was analyzed in the paired F~1~s based on two seasons' result and genotypic segregation was also analyzed in some F~2~ populations to confirm the results of pollen fertility investigation. The neutral alleles of *S38*-n and *S39*-n were identified based upon the pollen fertility and genotypic segregation analysis for the first time.

Materials and Methods
=====================

Genetic stocks
--------------

Dianjingyou 1 (designated DJY1) and its six NILs denoted as NIL (*S1*), NIL (*S19*), NIL (*S20*), NIL (*S37*), NIL (*S38*) and NIL (*S39*) ([Supplemental Table 1](#s1-68_18006){ref-type="supplementary-material"}) carrying the single hybrid sterility allele *S1*-glab, *S19*-glab, *S20*-glab, *S37*-glab, *S38*-glab and *S39*-glab, respectively, from *O. glaberrima* were used as the test lines in this study. *S1*-glab and *S37*-glab were identified as gamete eliminators on chromosome 6 and chromosome 1, respectively; the typical semi-sterility (about 50.0%) for pollen and spikelet fertility was observed in F~1~ hybrids when the NILs (NIL (*S1*) and NIL (*S37*)) were crossed with their recurrent parent, DJY1 ([@b40-68_18006], [@b46-68_18006]). *S19*-glab, *S20*-glab, *S38*-glab and *S39*-glab were identified as pollen killers on chromosome 3, 7, 4 and 12, respectively; the pollen fertility of F~1~ was semi-sterility while the spikelet fertility was normal when their NILs were crossed with their recurrent parent, DJY1 ([@b17-68_18006], [@b40-68_18006]).

Totally, 16 accessions, kindly provided by the International Rice Research Institute (IRRI) including two from *O. glaberrima*, one from *O. rufipogon*, three from *O. nivara*, one from *O. glumaepatula*, one from *O. barthii*, two from *O. meridionalis* and six from *O. sativa* accessions, were used as the tested lines ([Table 1](#t1-68_18006){ref-type="table"}).

Crossing and planting
---------------------

Six NILs and DJY1 (control line) were crossed as female parents (test lines) with the 16 tested lines in the Winter Crop Season of 2011 (November 2011--April 2012). Each tested line was crossed with both of DJY1 and its NILs to make pairs of test combinations. As the NILs and their recurrent parent DJY1 had the same background and the only difference was due to the specific chromosome fragment harboring sterility *S* allele, the effect of genetic background could be nearly ignored and the difference between DJY1 and the NILs was from the *S* locus.

The F~1~ hybrids were planted in the Late Crop Season of 2012 (May--September).

Some of the hybrid combinations were planted and investigated repeatedly in the Late Crop Season of 2015, and F~1~s were self-pollinated to produce F~2~ populations.

All plant materials were planted at Winter Breeding Station, Yunnan Academy of Agricultural Sciences (YAAS), Sanya, Hainan Province, P. R. China.

Phenotypic evaluation
---------------------

Pollen fertility for all parental lines, F~1~, F~2~ plants was investigated following the instructions of [@b47-68_18006]. Pollen fertility was measured using anthers collected from spikelet at one to two days before anthesis and stored in 70% ethanol ([@b5-68_18006]). Three or four anthers per floret of each plant were mixed and stained with 1% I~2~-KI solution, and more than 300 pollen grains were observed by light microscope. Sterile types were further classified as typical, spherical or stained abortion types ([@b19-68_18006]). Three independent microscopic fields were scored for estimation of the percentage of the four types of pollen grains in each plant.

Spikelet fertility was scored as seed setting rate of two to five panicles on each plant.

Pollen and spikelet fertility data as percentage was transformed by function arcsin square root before the analysis but listed as percentage.

Test for neutral allelic variation
----------------------------------

Identification method for the neutral alleles was described by [@b30-68_18006] with some modifications. It is supposed that DJY1, NIL and the tested line carrying the *S*-sati*S*-sati, *S*-glab*S*-glab and *S*-x*S*-x genotype, respectively, at a sterility *S* locus. As we know that the *O. glaberrima* and *O. sativa* varieties possess genotype of *S*-glab*S*-glab and *S*-sati*S*-sati, respectively; and in the case of heterozygotes *S*-sati*S*-glab, the gametes with *S*-sati is aborted due to a disharmonious allelic interaction while the *S*-glab gametes cannot be aborted, however such an abortion does not occur when *S*-n is present.

When the F~1~s between a tested line (*S*-x) and NIL (*S*-glab) showed the same pollen fertility level as the F~1~s between the tested line (*S*-x) and DJY1 (*S*-sati), it is suggested that the abortion is occurred neither between *S*-x and *S*-sati nor between *S*-x and *S*-glab at the target locus and the allele (*S*-x) carried by tested line could be regarded as a neutral allele (*S*-n) at the locus (*S*).

When the F~1~s between a tested line (*S*-x) and NIL (*S*-glab) showed pollen fertility lower than the F~1~s between the tested line (*S*-x) and DJY1 (*S*-sati), it means that the allele (*S*-x) carried in the tested line is compatible with *O. sativa* (*S*-sati) and disharmonious interaction occurs between *S*-x and *S*-glab.

When the F~1~s between a tested line (*S*-x) and NIL (*S*-glab) showed pollen fertility higher than that of F~1~s between the tested line (*S*-x) and DJY1 (*S*-sati), it means that the allele (*S*-x) carried in the tested line is compatible with *O. glaberrima* (*S*-glab).

Molecular marker assay was also used to further confirm the existence of the neutral allele. The SSR (Simple Sequence Repeats) and Indel markers closely linked with sterility loci were selected to screen polymorphic markers between the pairs of test combinations. The polymorphic markers were used to genotype F~2~ plants ([Supplemental Table 2](#s1-68_18006){ref-type="supplementary-material"}). The segregation ratio of closely linked markers to the respective locus would not deviate from the Mendelian ratio of 1:2:1 if abortion had not occurred. A chi-squared test was performed to determine whether the segregation ratio deviated from the Mendelian segregation ratio or not. If the detected allele (*S*-x) is a neutral allele *S*-n, the segregation in both of the *S*-x × *S*-sati and *S*-x × *S*-glab populations would fit the ratio of 1:2:1.

Results
=======

The F~1~ pollen fertility between the test lines and the tested lines
---------------------------------------------------------------------

The pollen fertility of the 112 F~1~ cross combinations in 2012 were shown in [Table 1](#t1-68_18006){ref-type="table"}.

Most of the hybrid combinations between the NILs and the tested lines gave lower pollen fertility than their controls. It is indicated that the sterility alleles from *O. glaberrima* cause the hybrid sterility not only between *O. glaberrima* and *O. sativa* but also between *O. glaberrima* and its wild relatives with AA genome.

The F~1~ pollen fertility in the cross combinations of Aswina, Azucena, Dom Sufid and Rayada with DJY1 was low (\<50%) and the cause might be due to intersubspecific sterility within *O. sativa*.

The average pollen fertility obtained from the testcrosses between *O. glaberrima*, *O. barthii*, *O. meridionalis* and test lines was too low (\<10%) and there was no significant difference among them. It is indicated that more interspecific hybrid sterility loci were involved and a single sterillity allele from *O. glaberrima* had little contribution to the pollen fertility of interspecies hybrids.

Identification of neutral alleles for the pollen sterility
----------------------------------------------------------

### Test for allelic variation based on the pollen fertility in 2012

F~1~ pollen fertility of most hybrids between tested lines and NILs was significantly lower than their controls, which suggests that most alleles (*S*-x) carried in the tested lines were compatible with *O. sativa* (*S*-sati) at the target *S* loci ([Table 1](#t1-68_18006){ref-type="table"}).

But, the average pollen fertility of F~1~ obtained from the test crosses of Aswina, Azucena, Acc.80453 (*O. nivara*) with NIL (*S1*) was at the same level as the corresponding F~1~ between these tested lines and DJY1 ([Table 1](#t1-68_18006){ref-type="table"}). It is suggested that the abortion was occurred neither between *S1*-x and *S1*-DJY1 nor between *S1*-x and *S1*-glab at the *S1* locus for these accessions. Thus, there may exist the neutral alleles at *S1* locus in the three tested lines, Aswina, Azucena and Acc.80453.

The F~1~ pollen fertility of all hybrids was significantly lower than the control in the testcrosses of the tested lines with NIL (*S19*) in 2012 ([Table 1](#t1-68_18006){ref-type="table"}). It is indicated that the alleles of the tested lines at *S19* locus were compatible with *O. sativa* and no neutral allele among the tested lines for *S19* locus were detected.

All the tested lines but Acc.82012 (*O. nivara*) gave lower F~1~ pollen fertility than their controls when crossed with NIL (*S20*). The pollen fertility (26.0%) was at the same level as the control (28.6%) when Acc.82012 was crossed with NIL (*S20*) in 2012 ([Table 1](#t1-68_18006){ref-type="table"}). It can be inferred that Acc.82012 may carry a neutral allele at the *S20* locus.

The F~1~ pollen fertility from the crosses of NIL (*S37*) × Tainung 67 and NIL (*S37*) × Azucena were 96.5% and 22.1%, respectively, which was not significantly different from their controls (98.7% and 21.0%, respectively). It is indicated that there may exist the neutral alleles at *S37* locus in Tainung 67 and Azucena. The pollen fertility (35.9%) from the cross of NIL (*S37*) × Acc.82012 (*O. nivara*) was significantly higher than its control (28.6%). It is suggested that there may exist a different allele in Acc.82012 (*O. nivara*) at *S37* locus compatible with *O. glaberrima* ([Table 1](#t1-68_18006){ref-type="table"}).

For *S38* locus, as the F~1~ pollen fertility (30.5%) from the cross of NIL (*S38*) × Dom Sufid was significantly higher than its control (25.1%), an *O. glaberrima* compatible allele in Dom Sufid was inferred. Since the F~1~ pollen fertility (31.2%) from the cross of NIL (*S38*) × Acc.82012 (*O. nivara*) was not significantly different from its control (28.6%), a neutral allele in Acc.82012 was inferred for *S38* locus, too ([Table 1](#t1-68_18006){ref-type="table"}).

Two allelic variants compatible to *O. glaberrima* at *S39* locus were suggested as the F~1~ pollen fertility from the crosses of Azucena, Acc.82012 (*O. nivara*) with NIL (*S39*) were significantly higher than the corresponding F~1~ between these tested lines and DJY1. Rayada was inferred to have a neutral allele at *S39* locus as the F~1~ pollen fertility from the crosses of NIL (*S39*) × Rayada was at the same level as the corresponding F~1~ in the cross of DJY1 × Rayada ([Table 1](#t1-68_18006){ref-type="table"}).

### Test for allelic variation based on the pollen fertility in 2015

Based upon the result in 2012, part of the hybrids involved neutral alleles, *O. glaberrima* compatible alleles and data missing were planted and investigated again in 2015.

The F~1~ pollen fertility in the cross of NIL (*S1*) × Acc.80453 (*O. nivara*) was at the same level as the corresponding F~1~ in the cross of DJY1 × Acc.80453 in 2012 and 2015, which suggests that Acc.80453 carried a neutral allele of *S1*-n. Similarly, Acc.82012 (*O. nivara*) may carry a neutral allele of *S38*-n and Rayada may carry an allele of *S39*-n ([Table 2](#t2-68_18006){ref-type="table"}).

Acc.82012 and Azucena were deduced to carry the *O. glaberrima* compatible alleles at *S37* and *S39* loci, respectively, as the pollen fertility was significantly higher than their controls in 2012 ([Table 1](#t1-68_18006){ref-type="table"}). However, the F~1~ pollen fertility was at the same level as the control in 2015 ([Table 2](#t2-68_18006){ref-type="table"}). It is suggested that the abortion was not occurred between *S*-x and *S*-glab at least, but more evidence is needed to identify whether the abortion occurred between *S*-x and *S*-DJY1 or not for these two accessions.

The F~1~ pollen fertility in the cross of NIL (*S39*) × Acc.80453 (*O. nivara*) was missing in 2012, but at the same level as its control cross DJY1 × Acc.80453 in 2015; more evidence is needed to support if there is a neutral allele at *S39* locus in Acc.80453 ([Table 2](#t2-68_18006){ref-type="table"}).

### Confirmation of the neutral allelic variation using molecular marker assay

Because of the low seed setting rate and high shattering, only 3 pairs of test cross combination F~2~ populations were obtained. The polymorphic markers linked with *S38* in DJY1 × Acc.82012, NIL (*S38*) × Acc.82012 showed a normal Mendelian segregation (1:2:1) in their F~2~ populations and the average pollen and spikelet fertility corresponding to the three genotypes showed non-significant difference ([Table 3](#t3-68_18006){ref-type="table"}). Whereas the markers in the combination between DJY1 and NIL (*S38*) showed a significant deviation from the Mendelian segregation ratio (1:2:1) and most of the individuals with semi-sterile pollen gains were heterozygous at the target markers and most of homozygotes had normal pollen fertility, indicating that there was a significant interaction between the alleles of DJY1 and NIL (*S38*) ([@b8-68_18006], [@b40-68_18006]). Therefore, it can be concluded that *O. nivara* Acc.82012 carries a neutral allele for pollen fertility at the *S38* locus.

In another two pairs of test combination, DJY1 × Rayada and NIL (*S39*) × Rayada, DJY1 × Acc.80453 (*O. nivara*) and NIL (*S39*) × Acc.80453, the polymorphic markers linked with *S39* showed normal Mendelian segregation (1:2:1) in their F~2~ populations and the average pollen and spikelet fertility corresponding to the three genotypes showed non-significant difference by the analysis of variance ([Table 3](#t3-68_18006){ref-type="table"}), indicating that the alleles of Rayada and Acc.80453 interact with neither allele in DJY1 nor in NIL at *S39* locus. Whereas the markers in the correspondence combination of DJY1 × NIL (*S39*) showed a significant deviation from the Mendelian segregation ratio (1:2:1) and most of the individuals with semi-sterile pollen gains were heterozygous at the target markers and most of homozygotes had normal pollen fertility, indicating that there was a significant interaction between the alleles of DJY1 and NIL (*S39*) ([@b8-68_18006], [@b40-68_18006]). It can be inferred that Rayada and Acc.80453 (*O. nivara*) carry neutral allele *S39*-n at the *S39* locus.

The different alleles existed at the hybrid sterility loci
----------------------------------------------------------

The pollen fertility of F~1~ plants at the specific sterility *S* locus was varied among the different tested lines ([Table 1](#t1-68_18006){ref-type="table"}). In order to estimate the allelic variation by the pollen fertility, the variation degree (*d*) was calculated based on an algebraic formula as below ([@b44-68_18006]).
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*f~1~* and *f~2~* represent the pollen fertility percentage of F~1~s when one tested line crossed with DJY1 and a NIL, respectively. The allelic variation degree was estimated based on the pollen fertility of the F~1~ plants of the cross combinations including *O. sativa*, *O. glumaepatula*, *O. nivara* and *O. rifupogon* ([Table 4](#t4-68_18006){ref-type="table"}). The negative value means that the allele was compatible with *O. sativa* (*S-sati*) and the positive value means that the allele was compatible with *O. glaberrima* (*S-glab*).

The distribution of allelic variation degree was different at different sterility loci and ranged from −0.914 to 0.6608 with different lines tested. Three allelic variation types at *S1* locus were observed. Two *O. sativa* accessions, Aswina and Azucena, and one *O. nivara* accession, Acc.80453, had the similar allele variation degree near 0.000 at *S1* locus. Eight tested lines had the similar allele variation degree between −0.4000 and −0.6000, while Dom Sufid had another variation degree with much different value of −0.9140 ([Table 4](#t4-68_18006){ref-type="table"}, [Fig. 1](#f1-68_18006){ref-type="fig"}). It is suggested that there are at least two allelic variants compatible with *O. sativa* at *S1* locus.

The complex variation was also observed at other sterility loci. The allelic variations of all the tested lines were compatible with *O. sativa* at *S19* locus with the range from −0.1563 to −0.7619. The sets of *O. sativa* compatible variations ranged from −0.3595 to −0.8199 were detected at *S20* locus in 11 tested lines but one neutral allelic variation from *O. nivara* accession Acc.82012 with the variation degree of −0.0915. The neutral and *O. glaberrima* compatible allelic variations were also detected at *S37*, *S38*, *S39* loci in addition to a set of *O. sativa* compatible allelic variations. The biggest variation was ranged from −0.6021 to 0.6608 at *S39* locus including the largest *O. glaberrima* compatible allelic variation degree ([Table 4](#t4-68_18006){ref-type="table"}, [Fig. 1](#f1-68_18006){ref-type="fig"}).

The result implied that the allelic variation is much more complex than three alleles model of neutral, *O. sativa* compatible and *O. glaberrima* compatible at a target *S* locus. Of course, the allelic variation analyzed based on the pollen fertility of 2012 needs further confirmation, and the further study is ongoing.

Discussion
==========

Near-isogenic lines can be used for detecting the neutral allelic variation
---------------------------------------------------------------------------

Testcross is the major method for identifying neutral allele. However, the multiple sterility loci between *O. sativa* and *O. glaberrima* influence the accuracy of the test results, as the result it is nearly impossible to detect any single neutral allele between these two species. From this viewpoint, DJY1 and its NILs carrying the single sterility allele from *O. glaberrima*, which had a similar genetic background, were used as the test lines in our study. If a tested line is crossed with DJY1 and one of its NILs simultaneously, the difference for the pollen fertility in the pair of testcross was caused by allelic interaction at the target *S* locus since the difference is from the allelic difference between DJY1 and a NIL. Thus, the effects of *S*-x carried in the tested line could be accurately determined through this experimental design used in the study.

In this study, we tried to cross DJY1 and its NILs with AA genome species accessions for detecting the neutral alleles. All the F~1~ seeds of crosses were got but *O. longistaminata* as the embryo abortion occurred early between *O. sativa* and *O. longistaminata*. The results showed that the neutral alleles of *S38*-n and *S39*-n responding to the interspecific hybrid sterility between *O. sativa* and *O. glaberrima* were identified in Asian cultivated rice and *O. nivara* accessions for the first time. Our preliminary study also detected the neutral alleles for *S1* and *S37* loci based upon the pollen fertility from *O. nivara* accessions Acc.80453 and Acc.82012, which needs more molecular evidence to support. Considering *S1* and *S37* loci were gamete eliminators ([@b17-68_18006], [@b40-68_18006]), it is difficult to get F~2~ population if other hybrid sterility locus controlling the embryo sac is also involved. Developing the near isogenic lines carried the alleles of tested lines is necessary to further clear the allelic variation and understand the genetic action of allelic interaction.

The allele compatible with *O. glaberrima* was not identified at the molecular level in this study. For the allele compatible with *O. glaberrima*, the segregation ratio of closely linked markers to the sterility locus would deviate from the Mendelian ratio in the F~2~ population between tested line and DJY1 but fit the Mendelian ratio in the F~2~ population between tested lines and near-isogenic lines, as the disharmonious interaction occurred not between *S*-x and *S*-glab but between *S*-x and *S*-sati.

The study for the allelic variation of sterility gene may open the ways to overcome the interspecific hybrid sterility
----------------------------------------------------------------------------------------------------------------------

Since the sterility of interspecific hybrid is caused by allelic interaction at a small number of loci, it is possible to overcome it by introgressing the major sterility alleles to Asian cultivated rice as bridge parent ([@b34-68_18006]). Based upon the known genetic information, if sterility alleles in a given *O. sativa* background were substituted by the neutral alleles or the corresponding alleles from *O. glaberrima*, it would be possible to overcome the interspecific hybrid sterility between *O. sativa* and *O. glaberrima* ([@b10-68_18006], [@b34-68_18006]). Compatibility alleles *S5*-n, *Sa*-n, *Sb*-n, *Sd*-n, *Se*-n in intersubspecific hybrid have been identified ([@b13-68_18006], [@b18-68_18006], [@b21-68_18006]). The utility of these neutral alleles will have a strong effect on overcoming the *indica-japonica* hybrid sterility along with the origin and evolution study of rice.

The utilization of the compatible alleles with *O. glaberrima* from *O. sativa* and other wild relatives of cultivated rice can be another way to overcome the interspecific hybrid sterility between *O. sativa* and *O. glaberrima*. These accessions with neutral or compatible allele with *O. glaberrima* could be important germplasm resources for overcoming the interspecific hybrid sterility. Considering the interspecific hybrid sterility is the result of the allelic interactions from multiple sterility loci, the next step of research is to pyramid the neutral or compatible alleles in the Asian cultivated rice as the bridge parents, but it is necessary to understand the nature of interaction between them in advance.

The allelic variation of sterility gene may enable us to understand the origin and evolution of Genus Oryza
-----------------------------------------------------------------------------------------------------------

The relationship between reproductive isolation and the genetic divergence is one of the interest areas of evolutionary biology. The hybrid sterility gene is one of the speciation genes involved in the formation of new species or subspecies. Some of the sterility loci from different hybrid combinations had the same chromosome location and same genetic action. For example, *S1* was reported in many interspecific hybrid crosses between *O. sativa* and its AA genome relatives including *O. glaberrima*, *O. longistaminata*, *O. rufipogon*, *O. nivara* and *O. barthii* ([@b3-68_18006], [@b28-68_18006], [@b43-68_18006]). The co-linear relationship was also observed between *S20* from *O. glaberrima* and *S56*(t) from *O. glumaepatula* ([@b6-68_18006], [@b45-68_18006]), between *S21* from *O. glaberrima* and *O. rufipogon*, and *S23* from *O. glumaepatula* on chromosome 7 ([@b6-68_18006], [@b24-68_18006], [@b31-68_18006]), between *S22* from *O. glumaepatula* and *S29*(t) from *O. glaberrima* on chromosome 2 ([@b12-68_18006], [@b32-68_18006]). The intersubspecific sterility locus *S25* shared the same chromosome location with *S39*(t) from *O. glaberrima* and *S36* from *O. nivara* on the end of short arm of chromosome 12 based on the comparison of map positions ([@b37-68_18006], [@b40-68_18006]). These sterility loci with good co-linear might be orthologous loci with sets of alleles. The allelic variation at the hybrid sterility loci provides the clue for the origin and evolution of cultivated rice. In our study, the great range of pollen fertility of F~1~ plants at the specific sterility *S* locus was observed among different tested lines. It is implied that there are not only three alleles of neutral, *O. sativa* and *O. glaberrima* at a target *S* locus but also a set of different alleles in the tested lines. The evolutionary study of such special group of genes enables us understanding the origin and variation events between incipient species. The molecular evolution of *S5* suggested that the *S5-n* sequence was not biased and *S5-n* evolved simultaneously by parallel evolution in wild relatives and cultivated rice ([@b35-68_18006]), and the independent origins of *indica* and *japonica* subspecies was deduced ([@b7-68_18006]). The antiquity tri-allelic system, such as *S5* comprised three types of alleles of *S5-i*, *S5-j*, *S5-n*, acts as an important factor in the genetic differentiation and provides an excellent model system for studying the evolutionary processes of reproductive isolation and speciation ([@b7-68_18006]). Further study of these neutral genes and depth excavation of germplasm resources will be conducive to enrich interspecific hybridization breeding strategies and enable us to order species pairs by their time of divergence.

The F~1~ pollen fertility was low (\<10%) in some crosses, including *O. sativa* × *O. glaberrima*, *O. sativa* × *O. barthii*, *O. sativa* × *O. meridionalis*, indicating that more interspecific hybrid sterility loci were involved. One locus allelic variation between test lines and tested lines cannot be detected from several loci affects and interaction. One of the ways to detect the allelic variation at sterility loci for these materials is to raise near-isogenic lines based upon the cloning and sequence analysis of sterility loci, to understand the relationship between allelic variation and interspecific hybrid sterility so as to understand the relationship between speciation and hybrid sterility.
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![The allelic variation degree at six hybrid sterility loci among 11 tested lines. The horizontal axis was divided into six loci and each locus represents a different sterility locus from *Oryza glaberrima*. The allelic variation degree of 11 tested lines were divided into three groups at *S1* locus, disperse from −0.1563 to −0.7619 at *S19* locus, two groups at *S20* locus; but more than three groups were observed at *S37*(t), *S38*(t) and *S39*(t) loci.](68_18006_1){#f1-68_18006}

###### 

Pollen fertility (%) of the parents and F~1~s between test lines and the tested lines in 2012

  Species             Subspecies/Ecotype     Accession           DJY1 (97.8)[a](#tfn1-68_18006){ref-type="table-fn"}   NIL (*S1*) (98.0)   NIL (*S19*) (98.6)   NIL (*S20*) (98.6)   NIL (*S37*) (98.3)   NIL (*S38*) (98.1)   NIL (*S39*) (98.7)   LSD~0.05~
  ------------------- ---------------------- ------------------- ----------------------------------------------------- ------------------- -------------------- -------------------- -------------------- -------------------- -------------------- -----------
  *O. sativa*         *Indica*               Aswina (95.9)       **43.6**                                              **43.5**            21.7                 19.5                 26.2                 20.0                 28.9                 4.1
  *O. sativa*         *Temperate japinica*   Tainung 67 (98.0)   **98.7**                                              52.2                48.9                 48.8                 **96.5**             50.7                 49.0                 2.4
  *O. sativa*         *Tropical japonica*    Azucena (96.5)      **21.0**                                              **21.1**            17.7                 7.9                  **22.1**             14.4                 **34.9**             2.6
  *O. sativa*         *Aromatic*             Dom Sufid (98.0)    **25.1**                                              2.2                 ---                  14.8                 4.8                  **30.5**             20.7                 3.3
  *O. sativa*         *Aus*                  Dular (90.8)        94.3                                                  43.5                47.8                 25.2                 41.6                 48.8                 37.5                 1.5
  *O. sativa*         *Aus*                  Rayada (99.1)       **28.7**                                              13.7                19.7                 12.7                 *9.5*                19.7                 **30.8**             2.2
  *O. glaberrima*                            IRGC102263 (94.7)   0.2                                                   0.3                 0.0                  0.4                  0.9                  0.0                  0.0                  1.0
  *O. glaberrima*                            IRGC103469 (96.9)   0.0                                                   0.0                 1.4                  1.3                  1.0                  0.6                  0.0                  1.4
  *O. barthii*                               Acc.104061 (92.3)   6.3                                                   ---                 2.7                  3.1                  1.6                  2.9                  2.6                  4.0
  *O. glumaepatula*                          Acc.103812 (93.2)   74.2                                                  39.3                25.2                 20.8                 44.1                 41.8                 40.7                 5.0
  *O. meridionalis*                          Acc.103322 (89.7)   0.0                                                   0.0                 0.0                  0.0                  0.0                  0.0                  0.0                  ---
  *O. meridionalis*                          Acc.104085 (87.2)   0.0                                                   0.0                 0.0                  0.0                  0.0                  0.0                  0.0                  ---
  *O. nivara*                                Acc.80453 (92.7)    **45.2**                                              **48.9**            10.8                 29.0                 30.5                 37.2                 ---                  4.5
  *O. nivara*                                Acc.80696 (94.1)    40.8                                                  23.8                23.1                 7.4                  21.8                 22.9                 22.7                 2.2
  *O. nivara*                                Acc.82012 (93.0)    **28.6**                                              14.6                7.4                  **26.0**             **35.9**             **31.2**             **46.9**             3.8
  *O. rifupogon*                             PCR9607 (96.9)      98.6                                                  43.4                48.8                 42.3                 71.5                 66.2                 66.0                 3.2

The pollen fertility of parents (%).

###### 

Pollen fertility (%) in the F~1~s for some test crosses in 2015

  Testcross                 Pollen fertility (%) (mean ± SE)   *t* value   P value
  ------------------------- ---------------------------------- ----------- ---------
  DJY1 × Acc.80453          47.9 ± 0.9                         1.868       0.185
  NIL (*S1*) × Acc.80453    45.3 ± 1.5                                     
  DJY1 × Acc.82012          29.7 ± 1.1                         2.419       0.144
  NIL (*S37*) × Acc.82012   27.2 ± 0.7                                     
  DJY1 × Acc.82012          29.7 ± 1.1                         1.572       0.216
  NIL (*S38*) × Acc.82012   24.4 ± 3.1                                     
  DJY1 × Azucena            20.5 ± 3.0                         0.317       0.581
  NIL (*S39*) × Azucena     22.4 ± 1.6                                     
  DJY1 × Rayada             29.0 ± 1.2                         0.384       0.539
  NIL (*S39*) × Rayada      29.9 ± 1.0                                     
  DJY1 × Acc.80453          47.9 ± 0.9                         2.846       0.114
  NIL (*S39*) × Acc.80453   43.4 ± 3.6                                     

###### 

Genotypic distribution of the linked molecular markers and their corresponding pollen and spikelet fertility in the F~2~ populations

  Testcross                 Marker    Genotypes                                    Number of plants   Pollen fertility (%) (mean ± SE)   Spikelet fertility (%) (mean ± SE)   Chi-squared test for genotypes   Analysis of variance for pollen fertility   Analysis of variance for spikelet fertility                   
  ------------------------- --------- -------------------------------------------- ------------------ ---------------------------------- ------------------------------------ -------------------------------- ------------------------------------------- --------------------------------------------- ------- ------- -------
  DJY1 × Rayada             RM8214    AA[a](#tfn2-68_18006){ref-type="table-fn"}   39                 63.6 ± 6.3                         59.6 ± 4.4                           0.399                            0.819                                       0.716                                         0.493   0.440   0.646
                            AB        69                                           58.4 ± 6.8         55.3 ± 4.2                                                                                                                                                                                                         
                            BB        35                                           71.5 ± 9.1         60.8 ± 4.4                                                                                                                                                                                                         
  RM5568                    AA        32                                           67.4 ± 7.4         54.3 ± 4.9                         0.162                                0.922                            0.392                                       0.677                                         0.588   0.558   
                            AB        69                                           65.4 ± 6.4         59.4 ± 3.8                                                                                                                                                                                                         
                            BB        35                                           57.9 ± 8.8         61.8 ± 4.9                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                         
  NIL (*S39*) × Rayada      NJ5       AA                                           24                 60.2 ± 5.4                         55.0 ± 5.9                           0.213                            0.899                                       0.332                                         0.719   0.545   0.583
                            AB        44                                           51.5 ± 7.6         56.5 ± 4.3                                                                                                                                                                                                         
                            BB        21                                           56.0 ± 11.2        48.8 ± 6.9                                                                                                                                                                                                         
  RM5568                    AA        23                                           60.9 ± 5.1         56.5 ± 5.7                         0.121                                0.941                            0.764                                       0.472                                         1.035   0.362   
                            AB        44                                           48.6 ± 7.5         55.8 ± 4.3                                                                                                                                                                                                         
                            BB        24                                           50.6 ± 9.5         46.0 ± 7.0                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                         
  DJY1 × Acc.80453          RM6371    AA                                           18                 72.2 ± 9.8                         ---                                  1.700                            0.427                                       1.082                                         0.349           
                            AB        25                                           64.8 ± 8.5         ---                                                                                                                                                                                                                
                            BB        17                                           83.7 ± 8.6         ---                                                                                                                                                                                                                
  RM5568                    AA        15                                           72.1 ± 5.2         ---                                1.000                                0.607                            0.267                                       0.979                                                         
                            AB        25                                           62.9 ± 8.8         ---                                                                                                                                                                                                                
                            BB        17                                           84.6 ± 7.9         ---                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                         
  NIL (*S39*) × Acc.80453   RM6371    AA                                           12                 72.0 ± 11.3                        ---                                  0.679                            0.712                                       0.169                                         0.846           
                            AB        31                                           66.7 ± 6.8         ---                                                                                                                                                                                                                
                            BB        13                                           73.5 ± 10.3        ---                                                                                                                                                                                                                
  RM8214                    AA        12                                           80.6 ± 10.0        ---                                0.125                                0.939                            0.518                                       0.602                                                         
                            AB        25                                           65.1 ± 8.0         ---                                                                                                                                                                                                                
                            BB        11                                           67.4 ± 13.5        ---                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                         
  DJY1 × Acc.82012          RM16260   AA                                           18                 81.4 ± 7.0                         53.1 ± 8.0                           1.277                            0.528                                       1.967                                         0.153   0.486   0.621
                            AB        28                                           61.0 ± 6.7         57.4 ± 6.1                                                                                                                                                                                                         
                            BB        19                                           73.2 ± 6.5         49.1 ± 5.6                                                                                                                                                                                                         
  W-9                       AA        22                                           83.6 ± 5.7         52.1 ± 6.2                         1.886                                0.390                            2.378                                       0.105                                         1.417   0.256   
                            AB        30                                           61.8 ± 6.3         59.8 ± 4.3                                                                                                                                                                                                         
                            BB        18                                           70.5 ± 6.7         48.3 ± 5.6                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                         
  NIL (*S38*) × Acc.82012   RM16335   AA                                           14                 78.7 ± 17.0                        37.5 ± 23.8                          1.636                            0.441                                       0.613                                         0.556   0.118   0.889
                            AB        22                                           53.8 ± 16.5        43.9 ± 5.2                                                                                                                                                                                                         
                            BB        8                                            56.1 ± 13.8        45.2 ± 8.7                                                                                                                                                                                                         
  W-9                       AA        16                                           56.1 ± 13.8        45.6 ± 8.7                         2.640                                0.267                            0.017                                       0.983                                         0.834   0.445   
                            AB        26                                           58.2 ± 13.2        38.7 ± 5.1                                                                                                                                                                                                         
                            BB        8                                            60.3 ± 19.9        54.2 ± 11.7                                                                                                                                                                                                        

AA symbols the genotype of homozygote of test lines, AB symbols the genotype of heterozygote and BB symbols the genotype of homozygote of tested lines.

###### 

The allelic variation degree at the six hybrid sterility loci in 11 tested lines

  Species             Subspecies/Ecotype     Accession    NIL (*S1*)   NIL (*S19*)   NIL (*S20*)   NIL (*S37*)   NIL (*S38*)   NIL (*S39*)
  ------------------- ---------------------- ------------ ------------ ------------- ------------- ------------- ------------- -------------
  *O. sativa*         *Indica*               Aswina       −0.0023      −0.5017       −0.5524       −0.4000       −0.5425       −0.3376
  *O. sativa*         *Temperate japinica*   Tainung 67   −0.4712      −0.5048       −0.5052       −0.0222       −0.4857       −0.5032
  *O. sativa*         *Tropical japonica*    Azucena      0.0029       −0.1563       −0.6260       0.0519        −0.3144       0.6608
  *O. sativa*         *Aromatic*             Dom Sufid    −0.9140      −             −0.4090       −0.8096       0.2162        −0.1744
  *O. sativa*         *Aus*                  Dular        −0.5385      −0.4928       −0.7329       −0.5623       −0.4828       −0.6021
  *O. sativa*         *Aus*                  Rayada       −0.5215      −0.3146       −0.5588       −0.6704       −0.3132       0.0750
  *O. glumaepatula*                          Acc.103812   −0.4710      −0.6608       −0.7203       −0.4054       −0.4376       −0.4518
  *O. nivara*                                Acc.80453    0.0811       −0.7619       −0.3595       −0.3261       −0.1786       −
  *O. nivara*                                Acc.80696    −0.4168      −0.4335       −0.8199       −0.4663       −0.4389       −0.4430
  *O. nivara*                                Acc.82012    −0.4893      −0.7405       −0.0915       0.2522        0.0901        0.6395
  *O. rifupogon*                             PCR9607      −0.5596      −0.5050       −0.5711       −0.2751       −0.3289       −0.3310
  LSD0.05                                                 0.1162                                                               
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